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Masks with flow-through respirometry systems have been used for the measurement of Vo, of active animals (9-11). Flow-through respirometry systems can be adapted for use with a mask by sealing the mask to the head of the animal (closed mask; Fig. 1A) . A second design for a mask involves a suction pump downstream of the mask which draws air past the face of the animal and into the mask (open mask; Fig. 1B ). The present study describes open-flow respirometry systems for use with open or closed masks and presents a rapid and accurate technic for the determination of Vo,, Vco2 and evaporative water loss.
TERMINOLOGY
The symbols to be used follow those previously established (4, 5) and for convenience are assumed throughout the text to be converted to standard temperature (0°C) and pressure (760 Torr) rather than ambient temperature and pressure (ATP). V represents a flow rate (STP) and F a fractional concentration. Then The flow rate (STP) due to ambient water vapor and evaporative water loss of the animal are designated VA and ~EWL, respectively. If CO, has been removed from the air, the appropriate parameters are denoted with a prime notation, e.g., F'EO~, V'E.
ERRORTOLERANCES
The calculation of Vo, using flow-through respirometry can involve large errors since FI,, = FEN,. Normally, FI, = 0.20946 (8) and 0.2000 z FEN, < 0.20946 since lower FEO~ would subject the experimental animal to low levels of 0,. Note that the actual values of FI,, (e.g., 0.2093, 0.20946 ) is unimportant because the span is set relative to Fro2 so that the absolute value of Fro2 -FEN, is independent of Fb2.
Two types of error, termed proportional and nonproportional, may be involved in the calculation of iTo2. A constant fractional error of 0.01 in V or F will result in an error of 0.01 in Vo,. A nonproportional error in V or F (i.e., no error in inlet value but error in outlet, or vice versa) will result in a larger error in 00,. For example, if Vf = 100 2 1, VE = 100, Fb, = 0.20946, and ~~~~ = 0.2000, then Vo, = 0.946 t 0.209 (fractional error = 0.22). This type of nonproportional error is encountered with flow-through respirometry since only one of VI and VE, and Fb, and ~~~~ is measured at a given time.
EQUIVALENCE OF OPEN AND CLOSED MASK SYSTEMS
Despite the fact that open masks utilize a downstream suction pump whereas closed masks normally have an upstream positive-pressure pump, the derivations of equations for each mask system are identical. The rate of flow of air from an open mask is constant (as determined by the downstream pump) and RQ and EWL alter the inlet flow rate. The flow rate into a closed mask is constant, and RQ and EWL alter the outlet flow rate. 
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EWL can be determined directly by freezing and collecting H,O from the outlet air or from the weight gain of the H,O absorbent, or calculated by measuring the water vapor pressure of the inlet and outlet air. If the ratio of ml 0, consumed/ml air leaving the mask = cy and the EWL = p mg H,O/ml 0, consumed, then VEWL = 1.24 cyp Vout (ml H,O/min). Alternatively, and if only pulmonary water loss is collected into the outlet air, VEWL can be calculated from the 0, extraction of the animal (E) and the water vapor deficit (STP) between inspired and expired air (Pd). The rate of airflow through the lungs (STPD) = VL = Vo2/E. Then, ml H,O/ ml air breathed = Pd/(760-Pd), and . If H20 vapor is not removed from the air ahead of the paramagnetic gas analyzer, the fractional concentration of 0, will be altered by the added volume of water and by the magnetic susceptibility of water. The paramagnetic effect of H20 relative to that of 0, can be calculated from the magnetic susceptibility of 0, (taken as +l.O) and the susceptibility of -0.0038 for H20 (l), and their fractional concentrations, FEDS and FE HZ00 Figure 2 depicts the relationship between FE, the fractional concentration of 0, read from the analyzer, and FEO~, the actual fractional concentration of 02, for different water vapor pressures. The error involved is nonproportional since ~EWL alters FEN, and not FIEF, but this error is insignificant compared to the precision of the paramagnetic gas analyzer if the water vapor pressure is less than 20 Torr, corresponding to about p = 2 mg H,O/ml 0, consumed.
The effect of CO, on the analyzer can be calculated from its relative susceptibility of -0.0063 (1) and its fractional concentration. Figure 2 shows the relationship between FE and FEN, for different cy and RQ values. The nonproportional error due to CO, is negligible under normal operating conditions of cy < 0.01.
The error involved with the calculation of Vo, due to ambient water vapor and the evaporate water loss of the animal is an overestimation equal to (VA + VEwL)/Vout. The error in Vo2 if the air leaving the mask were saturated at 37OC (water vapor pressure = 47 Torr) would be about 0.062, or 6.2%.
.OO I6
.OOlZ ti The fractional error in Vo, is t 3% if RQ is assumed to be 0.85 but actually is 1.0 or 0.7.
Hz0 AND CO2 ABSORBENTS
If both Hz0 and CO, absorbents are used before the flowmeter and analyzer, the Vo, is calculated from Eq. Id by substituting VA = ~EWL = RQ = 0
is that of Depocas and Hart (4) and Hill (5) for an open flow respirometry system with a downstream flowmeter.
If the CO, absorbent is placed downstream of the flowmeter, the measured flow rate is VE = VI -(1 -RQ) l Vo,, whereas the flow rate through the analyzer is V'E = VI -Vo,. Substitution of V'E = VE -RQ l Vo, into Eq. 4a yields
Equation 4b The RQ can be determined by alternately inserting and removing a CO2 absorbent in the system. A similar technic has been used to determine the CO, content of air samples (G. Maclean, personal communication) . If the CO, absorbent is placed before the flowmeter, equating Eqs. 3a and 4a gives Values of Vo,, RQ, and total EWL were determined for Allen's hummingbird (Selasphorus sasin) in a respiratory chamber by application of the preceding technics (Fig. 4) . The respiratory patterns of euthermic hummingbirds were impossible to discern because the respiratory frequency at 15°C is 200-300 breaths/min (unpublished data). However, apneustic respiratory patterns of torpid hummingbirds were readily observed with a sensitive respirometry system (Fig. 4) . High sensitivity was achieved by minimizing the chamber volume (35 ml) and dead space and by using small volumes of CO, and Hz0 absorbents. The lag time of the system was 40 s with a 99% response time of about 20 s. The Vo2, RQ, and EWL data for hummingbirds compare favorably with expected values (Table  1) *The Vo2 of large monitor lizards (Varanus gouldii) was measured with an open mask, and the respiratory patterns were readily discerned (Fig. 4B) 
